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MICROMACHINED ELECTROMECHANICAL DEVICE 

FIELD OF THE INVENTION 

b [0001] The prt^senl Invention relates to a method and apparatus for fabricating 
microrriachmed devices. In pdrUuular. the present invention relates to a method 
and apparatus of fabricating piezoelectric based microstruoture for micro 
olcctromcchanlcal eystem devices. 

1 0 BACKGROUND OF THE INVENTION 

[0002] Plezoelectriu nialerials have great potentials for applications In a variety 
of micn^ electromechanicai system (MEMS) devices, buch as micro sensors, 
microactuators, micropumps, piezoelectric inHet printing heads, etc In many of 
15 these MEMS devicea, plozooioctric materials such as piezoelectric thin films are 
formed on one side of a substrate and the microstructures including a plurality of 
racBsses are formed on the opposite side ot the substrate. 

[0003] A number of methods are used in the art to fbnn piezoelectric thin films, 
20 among which the solution $pin-coatinq process is widely used Tor preparing 

Inorganic piezoelectric films with complex oxide composition and piezoelectric 
polymers. Inorganic piezoelectric film with complex oxide composition has the 
best pieizoelectric performance than other reported thin films. Solution spin- 
coating process, indiiriing multiple solution spin-coating followed by multiple heat 
2b IfealrneriU such as sol-gel and Metailo Organic Decomposition (MOD), posfiesises 
great advantages of precise composition coiiLrul and low cost in obtaining the high 
performance piezoelectric complex oxide films. 

[0004] In a conventional method of producing a piozoolcotrio MEMS device by 
^0 soliitinn spin-coating process, a piezoelectric thin film is firstly deposited on one 
side of the substrate, anrt ^ desired microstructure is then formed at the opposite 
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side of Uie substrate by an etching process, such as the wet-etchinq process. 
Before the etching process, the piezoelectric films form d on the substrate need 
to be t«-mporariIy protected, so that tho highly comoalvo etching solution oan be 
prevented from contacting and damaging the piezoelectric fiime. 

[0005] There are usually two methods In the art to protert the piezoelectric 
films during fabrication of the MEMS devices in the etching process. One method 
Is to deposit a thick coating of protective material, such as pholosensilive 
polylmide, wax or the lilce. onto the piezoelectric films prior to the etching process. 
Another method Is a type of a mechanical protection by using a protective jig to 
cover the piezoelectric films prior to the etching process, 

[0006] Both the two methods h^ave drawbacks. In the first method, if the 
coating Is not tightly encapsulated on the piezoelectric films, the elctiaril may leak 
into the coating hence damage and/or conlarninale llie piezoelectric films, in 
addition, since the coating Is fonned for the temporarily protection purpose, after 
the etdiing process, the coating needs to be removed and thcroforo, it consumoe 
time, material and labor hence the cost of production is high. Further, the removal 
ot the coating may cause contamination and damage to the pifi7oelectric film.«s. In 
the second method, the protective jig may also encounter potential leakage 
problem due to any Imperfect sealing of the protective jig. in addition, since Uie 
proleclive jig needs to be mechanically atlaciied lo the piezoelectric film or the 
substrate, the stress induced by the mechanical attachment may damage the 
substrate. Moreover, tho productivity of this process is vory low. 

[OU07] It is therefore a need to provide a method and apparatus of fabricating 
piezoelectric membrane stnjcture for MEMS devices. In which the piezoelectric 
film formed on the substrate Is well protected from being damaged aiid/oi 
conldiriinated during the fabrication process. In the meantime, there is also a 
need to increase the yield and preductivity of micromechined piezoelectric device 
fabrication. 

2 



Rsealvad Jul-16-03 02:48aii Froi- 



To-Hogan I Hartson L.L. Paga 010 



lS/07 2003 17:50 FAX 



ALLEN&6LBDHILL 



kQOll 



SUMMARY OF THE INVENTION 

[0008] In accordance with a first aspect of tiie present invention, there is 
providftri a method of fabricating a membrane stmcture for micro-machined 
devices, the method comprises providing a substrate having a back side, a front 
side opposite U> Ihe back side and a periphery purllon. A desired microstructure is 
fonned on the back side of the substrate. A precursor soiutton Is deposited on the 
front aide of the substrate, and the substrate is rotated so that a thin film layer ie 
fbmned thereon by the precursor solution. 

[0009] Preferably, the substrate seats with the periphery portion on a base 
plate so that a spacing is formed between the microstructure and the base plate to 
leave tl^ie microstructure uncontacted from the base plate. 

[0010] Preferably, tho method further comprises seating the periphery portion 
of the eubetrato on a ridgo projected from the baeo plate to lift the microstructure 
from thi9 base plate. 

[001 1] in one embodiment, the method further comprises sealing the periphery 
portion of the substrate on the base plate via the ridge to isolate the 
microstructure from the precursor solution. 

[0012] Preferably, a high-pressure zone surrounding the periphery portion of 
the substrate is formed during rotation of the substrate tn fiirrhfir prevfint the 
precursor solution from contacting the microstructure. 

[001 3] In one embodiment, the method further comprises respectively forming 
a microstructure on the back side of two substrates. The two substrates are then 
joint together with the back side facing each other. Aftenwarde, the jointed two 
substrates are supported to rotate by firstly exposing the front side of one 
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substrate for a precuraor solution deposition so that a thin film layer can be fanned 
thereon. Subsequ ntly, the front side of another substrate Is exposed for a 
procureor solution deposition so that a thin film layer can be formed thereon. 
Accoidingly, a double-sided micromachlned device having a joint substrate, a 
mlcrostnjcturej? fomieri Inside the joint .sutwtrate and two thin film layers fomned at 
external sides Is formed. 

[0014] In accordance with a second aspect of the present invention, there is 
provided a substrate support for protecting a miorostruoture fomned on a baoK side 
thereof dyring solution spin deposition. The substrate support comprises a 
Toistable base plate with a top surface, a seat coupled to the base plate for 
receiving the substrate over the base plate to form a contacting Interface. The 
contacting interface separates the microstructure from the base plats. The 
substrate support also has a retaining member coupled to the base plate, whereby 
the substrate can be secured on the base plate so that the substrate can be 
rotated by the base piate. Upon seating on the base plato, the mlcrostmcturo of 
the substrate is lifted from the base plate via the seat during fonnation of the thin 
film. The substrate and the seat form a contacting interface for sealing the 
microstructure during formation of the thin film. 

[0015] In one embodiment, the substrate and the base plate fomi an air gap 
surrounding the contacting interface for generating a high-pressure zone during 
rotation of the base plate. The high-preseure zone further prevents the 
mlcrostmcture formed on the back side of th© substrate from being contacted. 

[0016] Preferably, the base piate funher comprtsBs a conical .side wall 
exLeriUlrig oulwdrUly arjd downwardly from Hie air gap for providing an 
aerodynamic transition from the high-pressure zone. 
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[001 71 In on© embodiment, the seat comprises o shoulder projoctod from a 
periphery portion of th bas plat or a spacer disposed between the eubstrate 
and a periphery portion ot the base plate for contacting the substrate. 

[001 8] According to the present invention, the temporary protection process ftir 
the Uiin film layers during Uie MEMS device fabrication process Is successfully 
eliminated, therelbre the production efficiency and the yield is greatly increased 
and the production cost of labor, material or the like la greatly reduced. To meet 
the requirement of the new process, a supporting apparatus is developed through 
which the microstmcture formed on substrate is effectively protected and in turn, 
high performance MEMS devlrses are obtained. 

BRIEF DESCRIPTION OP THE DRAWINGS 

[0018] These and other aspects and advantages of the present invention vw'il 
be described In detail with reference to the accompanying drawings, In which: 

[0020] Figs. 1 A to 1 H are partial crofis sectional views showing a method ot 
rctbricetUiig MEMS devices according to one embodiment of the present invention: 

[0021] Fig. 2A is a top view showing a substrate being held by a holder for 
forming piezoelectric thin film layers occording to one embodiment of the present 
invention; 

[0022] Fig. 2B Is the A-A cross sectional side view of Fig. 2A; 

[0023] Fig. 2C is a partially enlarged view of Fig. 2B; 

[0024] Figs. 3A and 3B are cross sectional and porspcctive views showing 
example MEMS devices formed according to the present invention; 
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[0025] Fig. 4A ifi a top view showing a holder for forming piozooloctric thin fiim 
layers according fo another embodim nt of the present invention. 

[0026] Fig. 4B is the A-A cross sectional side view ot l-ig. 4A; 

5 

[Q027] Fig. 4C is a partially enlarged view of Ftg. 4B 

[0028] Fig. 5A ie a top view showing a holder for fomning piezoelectric thin film 
layers according to a further embodiment of the present invention. 

10 

[0029] Fig. 5B te the ApA tmfiSi .sectional side view of Fig. tyA: 

[0030] Figs. 6A - 6D are partial cnsss secLional views siiowing a meUiud ur 
fabricating MEMS devices according to another embodiment of the present 
15 Invention; 

[0031] Fig. 7 is a cross sectional view showing a supporting configuration for 
forming a device as according to Figs. 6A — 6n amnrriing to one emhorfiment of 
the prei)enl invention; 

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS 

[0032] As shown In Figs. 1 A to 1 H, a method of fabricating an iVIEMS device 
according to one embodiment of the present invention compnses, firstly, providing 

25 a substrate 110 which may be of any appropriate material for forming a desired 
MEMS device thensto, sucii c*;j d ijerniuunduulor biiiwri wafer- The substrate 110 
has a bacl< side 110a on which a micnostruoture is to be formed, and a front side 
1 10b opposite to the baci< side 1 10a, on which a thin film structure, such as a 
piezoelectric thin film Is to be formed, Tho substrate 1 10 is thomnally oxidized by 

30 being heated to a temperature of approximately 1000 to 1200 °C so that a 

silicon oxide layer 112 with a thickness ot about 1 .2 micrometer (pm) is formed on 
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boththeb ckside 110a and the front side 110b of the substrate 110, as shown in 
Fig. 1B. 

[0033] In a next step, a photoresist film (not shown) with a predetennined 
s pattern is tbrmecl on the hack fiirie 11 Oa and front side 1 1 0b of the siibfttrate 110, 
through a photolithography process. By treating the silicon oxide iayer with 
hydnifluuric; auiU and dii ai|ut»uus ainniunluiTi lluuride soiuliuri. an uperiiriy 1 14 in 
the silicon oxide layer is formed. 

10 [0034] Subsequently, the photoresist film (not shown) is removed, and the 

substrate 1 10 is dipped into a solution (not shown) through which the substrate is 
snliihlf^. fsiifth as an aqueous potassium hyrtmxirie snlinlnn. thensfinra the poirinn 
1 10c or substrate 110 exposed by the opening 1 14 can be etched oTT. in one 
example, the etchinq rate is about lOpm per hour at 60 "C temperature. By 

13 control! ing the etching time, the remaining thickness 1 1 0d of the substrate 110 
may bo formed of about 2 |jm to 60 pm thicic. Upon completion of this etcp, a 
plurality of recesses 1 lOe (only one Is shown for illustration) are obtained at the 
back sMe 1 10a of the substrate 110. The recesses 1 lOe form the desired 
microstucture. as shown in Fig. 1 D. 

20 

[0035] As shown In Figs. 1 E and 1 F, an intermediate layer 122 and a first 
electrode layer 124 are deposited on the front side 1 10b of the substrate 1 10 by 
sputtering. In one embodiment, the intermediate layer 122 Is formed of Tl with a 
thickness of about 50 nm, and the first electrode layer 124 is fonned of Pi with a 
25 thickness ot about 0.6 Dm. 

[0036] To rorm picicoeleclrlc thin film layers on the front side 1 10b of the 
substrate 1 10, a substrate holder 200 is provided for supporting the substrate 110 
during the subsequent spin-coating process to form the piezoelectric thin film. As 
30 shown in Figs. 2A, 2B and 2C in further detail, the substrate holder 200 comprises 
a base plate 21 0. The base plate 21 0 has an adapter 212 fornied at the back side 
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for coupling to a rotating nnachtne (not shosnnfi). At front sid of the bas plato 210. 
there is formed a seat 214 projected upwardly from the periphery portion of the 
base plate 210. The seat 214 has a dimension 214a corresponding to the 
periphery portion 1 1 0f of the substrate 1 1 0 for receiving the substrate 110 
5 Uierc^un. 

[0037] Upon ecQting on tho base plate 210, the mioroatruoture having the 
plurality of reoeeees 110e le held epaoed apart from ttie baao ploto 210 via tho 
contact between the seat 214 and the periphery portion llOf of the substrate 110. 
1 0 By virhje of this conflguratlon. the mlcrostmcture 1 1 0e, which is relj^tively wealc in 
strength and rigidity than the periphery portion 1 lOf. does not contact the base 
plate 210 during the subsequent sfteps of Lhe pl^^udi^uliiu Uiiri filrn TunnaUun. 

[0038] A retaining member, such as throo pins 216a, 216b and 21 6o coupled 
15 to the base plate 210 are provided to sunxiund the substrate 1 10, as shown in 
Figs. 2A and 2B. Two of the pins 21 6d and 216b are disposed along the 
periphery edge of the substrate 110, and the third pin 216c is located to engage 
the primary cut of the substrate 110. Retained by the pins 216a, 216b and 216a 
the relative lateral and rotational movement between lhe subslrale 110 and Uie 
20 baae plate 21 0 is prohibited, thereafter the rotation of the t>ase plate 21 0 can be 
transferred to the substrate 110 whereby the substrate 1 10 is rotatablo following 
the rotation of the base plate 210. 

[0039] In a next step as shown In Fig. 1G, ;3 pie7oelectnc precursor solution 
25 120 Is applied on the front side 110b of the substrate 110, and the substrate 110 
is rotated by the base plate 210, so that a pieroeiectric film may be fomied on top 
of the first electrode layer 124. The precursor solution contains composrtionai 
elements for forming the piezoelectric film in which the main component io 
preferred to be Lead-Zirconate-Titanium (Pb-Zr-Ti, or PZT). In one embodiment, 
in the piezoelectric film has a thickness ot about 0.5 to 20 Dm, and has a 
composition around the morphotropic phase boundary (MPR), such as 

8 
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Pb(ZrO.S2Ti0.48)O3, with about 10-20 atomic % exoeaaive PbO. Details of th© 
preparation of th pi zoolectric film are described below. 

[0040] It j^hntild he appreciated that in the step shown in Fig. 1G. the sequence 
5 may be that the substrate 110 Is rotated first, and followed by application of tha 
precungior soiuliori 120 unUj the substrate so that the piezoelectric film Is formed 
onto the substrate during rotation. 

[0041] A piezoelectric precursor eolution with an atomic ratio of Pb:Zr:Ti 
1 n 1 !0.b2:U.48 is prepared from lead acetate trihydrate (Pb[CH3COO]2). zirconium 
propoxide (Zr[OCH(CH3)?]4). and titanium Iso-propoxide (Ti[OCH(CH3)2]4), 2- 
f iK#UiwyeUieinol(CH30CH2CH20H) is used as the solvent The concentratton of 
the solution is 0.4 M. 30% by weiyliL uf pulye^thylene glycol is added Into the 
solution. 

15 

[0042] In this embodiment, the piezoelectric precureor solution 120 Is applied 
on top of the first electrode layer 124, and the substrate 1 10 Is rotated under a 
speed of about 4500 rpm for 30 seconds. I he precursor solution formed a wet 
film on ihe subslrale. and is dried at 1 10 for 2 minutes, followed by a pyrolysis 

20 process at 410 for 10 minutes. The above precursor solution applying, drying 
and pyrolysis process are repeated for three times, and the film formed are heated 
at 560 X for 20 minutes. Further, the precursor solution applying, drying, 
pyrolysis process and the fiinvheating process may be repeated for 2 times, and 
final piezoelectric film fonned is annealed at 700 for 5 minutes so that a 

25 crystallized piezoelectric film 126 with a thickness of about 1 .5 Dm is obtained. 

[0043] In a next step as shown in Fig. 1H, a second eleulroUe, such as a Au 
layer 128 of about 0.2 to 0,3 jam thick is deposited on top of the piezoelectric film 
126 by sputtering. The Au layer 128 is patterned by photolithography with a 
30 double-side aligner to ensure the alignment with the microstructure formed at the 
baclc side of the substrate, followed by an etching procoss using an aqueous 
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iodine solution and an aqueou potasdium iodide solution. The piezoelectrio film 
126 may bo pattomod by otciiing uQing a HN03 and HF acid soiutione, for 
Gxampl9. 

5 [0044] To ftvaliJJrte the pftrfnrmanne nf the l\/IFI\/IS rtRVlne thnmed acmrrling to 
the above method, an electric field of 180 kV/cm Is applied to the piezoelectric ttiin 
nirn. ErvptjiifiitiiiUi tsliuw lhal Uie pitt^tdlecUiu film is effectively poled and exhibits 
piezoelectric properties. The vibration of a sample MEMS device with a 
dimen$9on of 4.2 mm x 1 .35 mm x 0.06 mm was detected by a laser vibromctcr. 

10 Under an applied electrical signal of 5V at 2 kHz, the vibration magnitude of the 
PZT film is about 24 nm. 

[0045] On the basis of the general MEMS devices formed according to the 
method of the present invention illustrated above, various special types of MEMS 

15 devices can be obtained through additional fabrication steps. In one example as 
shown in Fig. 3A, a piezoelectric cantilever structured device 350 can be formed 
through the fbllowing etching-through process for the membrane structure. The 
etching "through process includes etching the top electrode Au layer 358 using an 
Iodine and potassium iodine solution, etching the piezoelectric thin film 356 with a 

20 MN03 and HF acid solution^ and etching the bottom electrode 354 and its 

intermediate layer with an Argon ion-mill process. Reaction ion etching process 
witii CF4 and HBr / CI2 are used to etch throughjie Si02 layer and the thin 
silicon €;ub6trote, respectively. All the above etching process are perfomied along 
three sides 351 (only one side is shown) of the membrane stnjcture. After these 

25 etching processes, a cantilever-structured device 350 can be obtained. 

[0046] Shuwri in Fig, 3B, ariultier lype of MEMS device, d pit^^ue^iwlric bridge- 
structured device 360 can be formed by following the etching-through process for 
the membrane stmcture as illustrated above on the top electrode layer 368, the 
30 piezoelectric thin film layer 366, the bottom electrode layer 3e>l and its 

intermediate layer, the Si02 layer and the thin silicon substrate, respectively. 

10 
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Instead of etching through the membrane staioture along three Ides, all the 
tching-through etepe above are performed along reepectivo two sides 361 of the 
membrane structure. After these etching processes, a bridge-structured device 
3Bn cpm hf% nhr^sinRri. 

5 

[0047] Figs. 4A, 4B and 4C show a holder 400 for supporting a substrate to 
form piezoelectric thin films thereon according to another embodiment of tlie 
present Invention. The holder 400 comprises a base plate 410 and an adapter 
412 fomied at the back side of the base plate 41 0 for attaching to a machine or a 
10 drive (not shown) tor rotation. A ridge 414 is formed projecting outwardly from the 
firont side of the base plata 410. Alternatively, the ridge may be in a form of a 
spacer disposed between the substrate and the base plate tbr the same purpose. 

[0048] When in use, a substrate 110 having a microstructure fonned thereon is 
15 seated on the ridge or spacer 414, with the microstructure facing the base {iriate 
410. Lifted by the ridge or spacer 414, the microstructure is positioned space 
dparit from the base plate 410. By virtue of this configuration, the microstructure 
will be protected during the subsequent steps of the piezoelectric thin film 
runrialion. Risl^ of damage and/or contamination on the microstructure during 
20 the thin-film formation can be reduced ur prevented. Three holding pines 4163. 

416b and 416c are provided to engage to the periphery edge of the substrata 110 
to restrain the rolativo rotation between the substrate 110 and the base plate 410. 

[0049] An air gap 420 is formed between the periphery portion of the substrate 
25 110 and the front side of the base plate 41 0. The top surfatre of the base pl^ite 
410 has a smooth aerodynamic Iran^iliun 41 1 and an extended conical wall 430 
adjacent to the periphery of the substrate 110. During rulaliun or the t)dse plate 
410 and the substrate 1 10, an air pressure is formed in the gap 420, which is 
higher tlian that of the surrounding area- Accordingly, the precursor solution used 
30 during tli© formation of the piezoelectric thin film is further prevented from 
comanting, riam^iging and/or contaminating the microstructure, 

11 
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[0050] Figs. 6A and SB show a holder 500 for supporting a substrate to form 
piffioelecnic thin film!; tharnnn according to a further embodiment of the present 
Invention. The holder 500 has a base plate 510 with a front-side structure similar 
5 to that illustrated In Figs. 2A, ZB or 4A. 4B for receiving and suppoiting a 

substrzrte. The base plate 510 has a flat back side 512. A conventional vacuum 
opin-chuck 60 can be attached to the base plate 510 via the flat back side 512. 
The vacuum spin chuck 60 will carry the holder 500 and further the substrate to 
roterte for the piezoelectric thin film layers fomnation. 

10 

[0091] Pigs. OA - 6D show a method 600 or fahrinerlng a MhM!:» device 
according to another embodiment of Uie present Inventkin. Firstly, tvw> substrates 
610 and 620 are provided, each substrate has a respective back side 612. 622 
and a resspcctlvc front side 614, 624. MiciYistructures 612a and 622a are 
IS respectiveiy fomned on the back side 612 and 614 of each substrate (Fig. 6A). All 
the silicon oxide layers may be stripped off using HF acid, and the substrate Is 
polteheri hy a chemical mechanical polishing {CMP) process so that to Improve 
the suri'ace roughness (Fig. 6B). 

20 [0052] Next, the two substrates 61 0 and C20 are |oint togeliiei by Tacing the 
back sides 612 and 622 to each other (Fig. 6C). A 8i-Si fusion bonding process 
may be used to joint the two substrate together, which is conducted at about 1050 
•C fnr 4 hours. A joint sulistrate structure Is therefore obtained. In this 
embodiment, the two substrates are jointed together which can withstand a 

2b temperature higher lhan that used in the subsequent thin-film farming proResse.<;. 

[0063] Respective Si02 layers 615, 625, intermediate layers 616, 626 and first 
electrodes 617, 627 are formed thereafter on the respective front side 614 and 
624 of the first substrate 610 and the second substrate 620. The 8i02 layers are 
30 deposited by a plasma enhanced chemical vapor deposition (PECVD) process, 
and the Iniemriedlate layers and the first electrodes are deposited by sputtering 

12 
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(Fig. 6D). The joint first and second substrates is then support d and rotated 
through whioh roepootivc piczoolcctric films arc formed on top of tho respective 
first electrodes 617 and 627. Similar processes of drying, annealing etc, may be 
conducted as according to the above illustrates in conjunction wtVn Figs, 1 A 1 H. 
«; The crvHialiized pie/oelectrtc films 618 and 628 nan be fhrmeri. I .Ikewlse, senonri 
electrode 619 and 629 are formed on top of the respectivB piezDelectric films 618 
arid 626. bu Uial a duuble-elded ple^eieulric micrumachined device can be 
obtained. Upon completion, the double-sided device comprises a Joint substrate 
with cavities formed therein. The piezoelectric films fonned at each side can be 
10 Independently controlled. 

[0054] For the purpose of forming the respective plezo^ectrlc films 61 8 and 
628, the holder as illustrated above In conjunction wKh Rgs. 2A. 2B. 4A. 4B. 5A 
and SB may be used for supporting and rotating the substrate. In one 

IS embodiment as shown In Tig. 7, the first substrate 61 0 may be firstly supported by 
having Ihe front side 614 facing the holder 690, hence to expose the front side 
624 of the second substrate 620 for the deposition of the piezoelectric film 628 
using a precursor solution 680 during rotation. Thereafter, the second substrate 
620 Is supported by having the front side 624 facing the apparatus, hence to 

20 expose the front side 614 of the first substrate 610 for the deposition of the 
piezoelectric film 618 using the precursor solution 080 during rotation. 

[0055] Although embodiments of the present invention have been lllustFated in 
conjunction with the accompanying drawings and described in the foregoing 
as detailed riesnripiinn. it shniilrt he appreciated that the Invention is not limited to the 
embodiments disclosed, and Is capable of numemus rearrangements, 
modinualions. alleniallves and substitutions without departing from the spirit of the 
invention as set forth and recited by the following claims. 



13 



Rsvaivaii Jul -16-08 02:48in Prun- 



TirHiwaii A HarUuii L.L. Piwo 021 



